The EDGES Collaboration has recently announced the detection of the 21-cm spectrum with an absorption profile centred at 78 megahertz, of which the depth is deeper than that expected by the standard cosmological paradigm. To enrich the heating process of baryons due to scattering with dark matter during dark ages, we in this Letter explore the possibility of extra heat transfer between dark sector compositions and their observational signatures on the 21-cm cosmological spectrum. By parameterizing interaction models of the dark Universe, we find that the observational constraint on the parameter space of dark matter can be slightly relaxed but the discrepancy with the commonly predicted parameter space of weakly interacting massive particles remains. Our analyses also reveal that the interaction between dark compositions may leave observational signatures on the 21-cm spectrum during dark ages and thus would become detectable in the forthcoming 21-cm cosmology.
The EDGES Collaboration has recently announced the detection of the 21-cm spectrum with an absorption profile centred at 78 megahertz, of which the depth is deeper than that expected by the standard cosmological paradigm. To enrich the heating process of baryons due to scattering with dark matter during dark ages, we in this Letter explore the possibility of extra heat transfer between dark sector compositions and their observational signatures on the 21-cm cosmological spectrum. By parameterizing interaction models of the dark Universe, we find that the observational constraint on the parameter space of dark matter can be slightly relaxed but the discrepancy with the commonly predicted parameter space of weakly interacting massive particles remains. Our analyses also reveal that the interaction between dark compositions may leave observational signatures on the 21-cm spectrum during dark ages and thus would become detectable in the forthcoming 21-cm cosmology. Introduction. -Recently, the low-band antenna of the Experiment to Detect the Global Epoch of Reionization Signature (EDGES) reported the detection of an absorption profile in the global 21-cm spectrum centred at 78 MHz, of which the cosmological redshift corresponds to z ≈ 17 [1] . To compare with the theoretical prediction of the standard cosmological paradigm, EDGES also reported an excess of the signals with the statistic significance at about 3.8σ. It is known that the intensity of the 21-cm line signals relies on the difference between the spin temperature of the hydrogen atoms and that of the Universe, and thus a heat transfer of the hydrogen gas could give rise to an absorption feature in the global 21-cm spectrum due to its cooling process. The probe of these cosmological 21-cm lines from neutral hydrogen are significant to explore the epoch of reionization, which is almost invisible to other astronomical instruments (namely, see [2] [3] [4] for comprehensive reviews).
The studies of the anomaly reported by EDGES have been addressed by introducing extra contribution to the cooling process of the hydrogen gas due to new physics during the early stage of the Universe, namely, the energy transfers between baryon and dark matter (DM) [5] [6] [7] [8] [9] [10] , the impacts from star formation [11] [12] [13] or even intergalactic medium [14] , the dynamical dark energy effects [15, 16] , the primordial black holes [17, 18] , or nonconventional DM scenario [19, 20] . To address the EDGES anomaly of 21-cm intensity, however, there is inevitably the severe fine tuning on the parameter space of the most prevailing DM candidates, which corresponds to the weakly interacting massive particles (WIMPs) in the standard paradigm. Accordingly, the required DM annihilations would lead to an unexpected heating of the hydrogen matter [21] [22] [23] [24] . Alternatively, it is possible to consider the injection of soft photons to uplift the temperature of background radiation [21, 25, 26] , which implies the possible existence of extra photons [27] as favored by the ARCADE 2 data [28] .
For models based on the heat transfer between baryonic matter and DM, the DM temperature is much lower than the hydrogen gas since in the standard paradigm DM particles decouple from the thermal bath much earlier than the other. Thus the temperature of hydrogen gas can be reduced via the scattering with DM. However, the parameter space of DM models supported by the EDGES data is severely discrepant with other experimental bounds [6, 9, 10] . To alleviate this theoretical difficult, we in this Letter consider the possibility of extra heat transfer between the compositions within the dark sector that can greatly enrich the heating process of baryons through indirect interactions during dark ages. This mechanism can enlarge the parameter space of the regular WIMP paradigm by involving additional interactions. Thus it may provide alternative explanation for the abnormal absorption feature of 21-cm signal announced by EDGES, although the mass and cross section of DM particles are still tightly limited. Furthermore, we examine the impacts of the interactions between dark compositions and find that they could leave potential signatures that are promising to be tested in the future 21-cm experiments.
The model. -For the explanation to the 21-cm abnormal signal of interactions between baryons and DM, it has been recently pointed out in Ref. [8] that, in order to be consistent with the stellar-cooling and fifth-force constraints, only part of the DM is allowed to be interacting with baryons. Moreover, the study in Ref. [15] pointed out that the interaction between DM and dark energy could relax the constraint of the Hubble parameter at early times of the Universe and hence may allow the abnormal absorption signal of 21-cm lines at cosmic dawn. Then, these interesting observations naturally lead to a question as follows. Is it possible for the rest part of the dark sector in the Universe to exert extra effects on the process of heat transfer for baryons? This possibility could occur if the heat transfers between different DM compositions or even between DM and dark energy are permitted. If so, the temperature evolutions of the dark sector needs to be revisited, and because of the interaction between DM and baryons, the same thing would also happen to the hydrogen gas, which shall leave additional influence on the 21-cm spectrum. Consequently, it is necessary to analyze the possible effects of heat transfer caused by the dark forces, i.e., the interactions between different compositions in the dark sector of the Universe.
To depict the interactions within the dark sector, we use the subscripts χ and ψ to label the species of dark components. We adopt ρ ψk , p ψk to label the energy density and pressure of the hidden dark composition. Different from the regular baryon-DM interactive model, the newly introduced ψ field can only interact with the χ DM that weakly couples to baryons. Thus, the energy conservation equations of the dark sector can be written asρ
where n χ is the number density of χ particles andQ χ depicts the rate of heat transfer received by DM due to the interaction between χ and baryons. The dark force existing in the dark sector is realized by the Q term, where we parametrize its form to be
In this model we have introduced a dimensionless parameter ξ to characterize the dark force, of which the value is expected to determined observationally, and H is the Hubble parameter that measures the expanding rate of the Universe 1 . Eq. (1) can be casted into the standard form of the first law of thermodynamics [31] with the temperature evolution equations of the dark sector to be improved as below,
Afterwards, one may choose the appropriate values of ξ as well as the regular interaction modelσ = σ 0 v −4 , and then further solve (3) by combining the evolution equations in the traditional baryon-DM interactive model starting from the recombination moment with the baryons tightly 1 Models of DM that couple to dark energy were extensively studied in the literature, namely see [29] for the pioneer study and see [30] for a comprehensive review and references therein for related analyses. coupled to the photon fluid (T b = T γ ) and with the perfect cold dark sector (T χ = 0 and T ψ = 0, which implies that ξ should be positive to make sure the ψ's temperature to be positively definite) to obtain the evolution of the gas temperature [32] .
Results. -The brightness temperature of 21-cm line T 21 is expressed as the difference between the spin temperature T S and the background radiation temperature T γ [33, 34] , i.e.
where T * = 5.9µeV is the energy corresponding to the 21-cm transition, A 10 is the downward spontaneous Einstein coefficient of the 21-cm transition [35, 36] , n HI is the number density of neutral hydrogen, λ 21 is the wavelength of 21-cm line. For the dark age the expression of spin temperature T S is
where C 10 is the collisional transition rate [37, 38] . The observed absorption feature at cosmic dawn originates from the indirect coupling of T S to the gas temperature T b by stellar Lyman-α photons [39] via the Wouthuysen-Field effect [40, 41] , resulting in T S ≈ T b . This is why the 21-cm line abnormal absorption signal, which is a factor of two deeper than expected at z = 17 [1] , would arise naturally if the baryons had a lower temperature than the case in the standard cosmological paradigm. Consequently, we in Fig. 1 use the gas temperature to reflect the absorption intensity of the 21-cm line at cosmic dawn with different value choices of the parameter ξ.
At the redshift z = 17.2, the observed minimum absorption at a 99% confidence level implies the tempera-ture of the gas is less than 5.1 K. In Fig. 1 we numerically show the different isothermal curves at z = 17.2 in the cross-section versus DM particle mass coordinate with and without introducing the dark interaction. The region that is on the right and lower part of the T b = 5.1 K line without ξ is almost excluded in [6] . However, if the parameter ξ is not vanishing, one can find that the constraint on the DM particle mass is relaxed while the constraint on the cross section is barely altered.
In our model, due to the fact that DM can transfer heat to another dark sector composition, the temperature of DM may be suppressed, which means in the same condition we will get a lower gas temperature. This is why a non-zero ξ could change the parameter space that has been ruled out. For illustration, we in Fig. 2 numerically plot the evolutions of temperature of the hydrogen gas, the χ DM field and the underlying ψ dark sector for different values of the mass as well as cross section of the χ DM particles. One can easily find that, due to the presence of the additional heat transfer, the temperature of gas and DM is suppressed. Moreover, the deviation of the gas temperature from the standard evolution mainly focuses on the low redshift, which means the heat transfer with the additional dark sector can exert the obvious effects on the 21-cm signal of cosmic dawn instead of dark ages.
However, as shown in the second and last panel of Fig. 2 , if we enhance the interaction between DM and baryons, i.e. decrease the mass of DM particle or increase the cross section, the deviation of the gas temperature from the standard evolution would have occurred at earlier moments, and thus could also have impacts on the 21-cm signal of dark ages. In order to show this point clearly, we numerically plot the 21-cm signal at dark ages with different value choices of the cross section and the parameter ξ in Fig. 3 . For each cross section we have considered two value choices of ξ, and then we can clearly see that the influence of the dark force can only becomes manifest when the signal is relatively large, which is consistent with the previous statements.
In the above discussion, we take initial relative velocity V χb,0 between DM and baryons as the root-mean-square velocity 29 km/s [42, 43] . However, given that the fluctuation of 21-cm line brightness temperature is determined by the variance of initial relative velocities [43] , it's necessary to study the change of the dependence on initial relative velocities for 21-cm line brightness temperature in the presence of the extra heat transfer parameter ξ. In  Fig. 4 , we show T 21 as a function of V χb,0 with different values of ξ and redshift. We can find that in small velocity regions the brightness temperature will be weakened by the presence of ξ, which will smooth the fluctuations of the brightness temperature for 21-cm line. So we expect the presence of the underlying heat transfer in the dark sector of the Universe will leave an observable effect on power spectrum of 21-cm fluctuations.
Conclusions. -In this Letter we study the 21-cm line signals due to the possible interaction of heat transfer between dark sector compositions. One composition is the part of DM that can interact with the ordinary matter through the interaction cross sectionσ = σ 0 v −4 , the other composition is some invisible part of the dark sector which can only exchange heat with the former DM. This part of dark sector can be either dark energy or some unknown species of DM, and hence we start from a rather general model and derive the modified evolution equation of temperature for different compositions. The results show that the presence of this underlying heat transfer can relax the constraint on the particle mass of DM for the modelσ = σ 0 v −4 . We further study the change of the temperature evolution for different compositions and find that the deflect of gas temperature evolution from the standard situation mainly focuses on low redshift. However if the interaction between DM and baryons is strong enough, this kind of deflect could also extend to the dark age. So we displayed the 21-cm absorption signal of the dark age for different interaction strength in the presence of the underlying heat transfer. The result shows that the stronger the absorption signal is the greater the influence of the additional heat transfer would be. Finally, by virtue of the change of the 21-cm brightness temperature as the initial relative velocity between DM and baryons, we find that the presence of the additional heat transfer process in dark sector will smooth the fluctuations of 21-cm intensity, which may leave an observable effect on the power spectrum of fluctuations.
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APPENDIX
The appendix section is devoted to the derivation of the evolution equations for the temperatures of the dark sector. We begin with a regular cosmological model that mainly involves baryons and the χ DM. Their energy densities and pressures are denoted by ρ b , p b and ρ χ , p χ , respectively. In this standard paradigm, one can straightforwardly write down the energy conservation equations as follows,ρ
whereQ b denotes the rate of heat transfer from the baryons andQ χ represents the rate of heat transfer received by the χ DM particles. The coefficientQ c depicts the energy transfer due to the Compton scattering with photons, n i is the number density of each component which evolves as n i ∝ a −3 . In usual, the DM and baryons are treated to be "cold", which means that their thermodynamic random motions are vanishing and hence are pressureless. However, in order to precisely describe the temperature evolutions of all matter components during dark ages, at the moment the pressures cannot be ignored. According to relativity, the particle energy can be decomposed as E = mc 2 + mv 2 /2 + ..., where mv 2 /2 represents the average kinetic energy of thermal motion, which allows us to do the decomposition to be:
, where ρ b0 , ρ χ0 is the background energy density and ρ bk , ρ χk , p bk , p χk corresponds to the energy density and pressure of thermal motion.
Given that the interaction between DM and baryons and Compton scattering only transfer energy at the level of thermal motion, one can further decompose the energy conservation equations to be the background and the thermal parts, which are given by, ρ b0 + 3Hρ b0 = 0 ,ρ χ0 + 3Hρ χ0 = 0,
andρ bk + 3H(ρ bk + p bk ) = n bQb + n bQc , ρ χk + 3H(ρ χk + p χk ) = n χQχ ,
respectively. Since ρ bk , ρ χk , p bk , p χk describe the thermal motion of the matter particle, by applying the property of ideal gas one can get
We adopt the natural units where the Boltzmann constant k = 1 and speed of light c = 1. Then from (8) , one can derive the temperature evolution equations to be
with the Compton scattering rateQ c being [35] 
where T γ is the temperature of CMB photons which evolves as T γ = 2.725(1 + z), σ T is the Thomson scattering cross section, a r is the Stefan constant, f He is the He-H ratio by number of nuclei, x e is the free-electron fraction x e = n e /n H , it evolves as [35] 
where E 0 is the ground energy of hydrogen, C P is the Peebles factor, A B and B B are the effective recombination coefficients and the effective photoionization rate to and from the excited state, respectively. For their expression and values we refer readers to [35, 36] . For the expressions ofQ b andQ χ , we choose the model that recently be used to constrain the parameters of DM [6] , where the interaction cross section is parametrized asσ = σ 0 v −4 and v is the relative velocity of the two particles. We refer to [32] for more details, and here we only list the expressions relevant to our calculations. The expression ofQ b is given bẏ 
We note thatQ χ can be obtained from the following conservation equation:
In this work we characterize the interaction inside the dark sector by modifying the energy conservation equations as follows (also see (1)), ρ χk + 3H(ρ χk + p χk ) = −ξH(ρ χk − ρ ψk ), ρ ψk + 3H(ρ ψk + p ψk ) = ξH(ρ χk − ρ ψk ).
Then, to combine the above equations with (8) and to apply the similar expressions for ψ as (9), the evolution equation for the temperature of the χ DM can be improved from (11) to be in form of:
(1 + z) dT χ dz = (2 + ξ)T χ − ξT ψ − 2Q χ 3H .
Additionally, the temperature evolution equation of the extra dark component ψ that only couples to the χ field is then written as
As a result, one obtains the evolution equations for the temperatures of the dark sector as shown in (3).
